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Abstract 
This study is concerned with the assessment of the fatigue life of cracked steam turbine blades which operate under cyclic 
loading conditions. The turbine blades fatigue life estimation approach includes numerical stress-strain analysis of real rotor 
components, experimental study of fatigue and fracture resistance material properties and determination of crack growth rate 
characteristics on the round bar specimens with the single edge notch. Static and cyclic tests were performed to obtain the main 
mechanical properties and the fatigue life characteristics of blade’s material after loading history. Both specimens with the initial 
surface state and specimens with high velocity air fuel (HVAF) coating were tested. As a result the fatigue life characteristics of 
blade’s material were determined as a function of operating time. The fatigue crack growth study of surface flow was performed 
for round bar specimens with different initial single edge notch depth. Experimental constants describing the linear parts of the 
fatigue fracture diagrams were determined. 
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1.  Introduction 
At the present time the power steam turbine elements at heat-power engineering enterprises have exhausted their 
life span or come nearer to their limiting values. In operation turbine disk and blades are subjected to cyclic loading. 
In service fatigue failures of the low pressure power steam turbine blades were detected. Damages accumulation and 
growth have occurred on the leading edge of the blades. In order to predict the residual fatigue life of turbine blades, 
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it is necessary to carry out the assessment of the fatigue life and the fracture resistance characteristics of material 
considering the operating time. 
The subjects of our consideration are blades of 23rd and 27th stage of 200 MW power steam turbine with 
operation time t=236607 and t=92245 hours, respectively. Shlyannikov et al. (2011) suggested the critical zone 
concept for the residual life prediction of the turbine disk. According to this concept the fatigue life assessment 
involves the numerical stress-strain analysis in real structure components. Full-size finite element analysis of turbine 
disk with blades was performed under operation loading conditions. First part of experimental study is concerned 
with static and fatigue tests for smooth and notched specimens from blades with fixed operating time. Both 
specimens with the initial surface state and specimens with high velocity air fuel (HVAF) coating were tested. The 
crack growth rate of cracks starting from straight-fronted edge notch in round bar specimen under uniaxial loading 
was studied. The relations between crack opening displacement and crack length on the free surface of specimens 
were obtained. 
2. Elastic-plastic stress-strain state analyses 
2.1. Stress state of turbine disk 
The first part of numerical calculations is concerned with stress state analysis of turbine disk. The finite-element 
method was used to carry out stress analysis in order to determine the total stress-strain state of the turbine disk and 
the stress distribution in blades. ANSYS finite element code was used to solve elastic-plastic problems. Finite 
element model represented in Fig.1a,b is a segment of the turbine rotor, including disk, blades and rivets. The 
numerical analysis of stress state of full-size 3D finite element model of the turbine disk with blades was performed 
under operation loading conditions. In operation turbine disk and blades are subjected to inertia loading caused by 
rotation of the turbine rotor. Surface-to-surface contact finite elements were used at the contact surfaces between 
blades, rivets and disk. Bending moment induced by steam pressure was neglected as well as the value of the 
bending stresses represent only 0.15% of the stress caused by the inertia loading. The elastic-plastic material 
behavior is described by bilinear kinematic hardening model.  
 
 
a)                                          b)                                       c) 
Fig. 1. Finite element model and equivalent stress distribution for the turbine disk with blades. 
 
Figure 1c shows the total stress state of 23rd and 27th stage of turbine rotor and the equivalent stress distribution 
on blades. As it follows from these results the maximum equivalent stresses are localized on the leading edge at the 
blade root. 
2.2. Elastic-plastic stress state in the experimental specimens 
In the current study finite element method was used for stress intensity factor (SIF) calculations in round bar 
specimens with single edge notch (SEN). Finite element model for the round bar specimen with initial edge notch 
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depth h0=1mm is shown in Fig.2a. Numerical analysis of stress state in specimens was performed under uniaxial 
loading. In Fig. 2b elastic equivalent stress distributions in round bar specimen are presented. 
 
 
a)                                                                                 b) 
Fig. 2. Equivalent stress distribution in round bar specimen with single edge notch. 
3. Experimental results 
3.1.  The main mechanical properties 
First of all it is necessary to determine the influence of the operating time on the main mechanical properties of 
the blades material. For this purpose the smooth specimens were cut out from considered turbine blades. 
Experimental study of the material mechanical properties was performed on the uniaxial 25 kN servo-hydraulic 
tension test machine at room temperature. As a result the material mechanical properties changes as a function of the 
operating time were determined. The reference mechanical properties of the blades material with zero operation time 
and main mechanical properties obtained from tensile tests are listed in Table 1. 
 
             Table 1. The main mechanical properties of turbine blades material for different operation time. 
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δ, 
% 
E, 
GPa 
Operation time 0 hours 
 12Cr steel 520 720 1375 65 21 200 
Operation time 236607 hours 
23 stage 12Cr steel 579 755 1182 59 17 200 
Operation time 92245 hours 
27 stage 12Cr steel 626 760 1500 69 29 198 
3.2.  Fatigue life characteristics 
The second part of experimental study is low-cycle fatigue tests of turbine blades material after loading history.  
The aim of these tests is determination of fatigue life characteristics depending on type of loading, size of initial 
damage and surface state. For this purpose the smooth and single edge notched specimens were cut out from of 
considered turbine blades. The round bar specimen with SEN simulates the initial damage on the front edge of the 
turbine blades. Single edge notches in specimens with nominal diameter d0=10 mm were made with initial depths 
h0=0.5mm and h0=1.0mm by spark cutting. The HVAF coating was sprayed on the part of round specimens using 
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HVA-7 system. 
At first step specimens from 23rd stage blades with operation time 236607 hours were tested. The fatigue tests of 
smooth specimens were carry out under the harmonic test-cycle with stress ratio σmax/σmin =0.1, as well as SEN 
specimens were tested under especially designed program test cycle, which is equivalent to start-stop cycle of steam 
turbine in operation. S-N curves of smooth and SEN specimens for different types of loading are presented on Fig.3. 
These experimental results give clear illustration of the influence of the loading history on the cyclic behavior of 
smooth and SEN specimens from turbine blades. 
 
 
Fig. 3. S-N curves of smooth and SEN specimens with different loading types. 
 
The second step of the fatigue tests was performed on specimens from 27th stage blades with operation time 
92245 hours. All tests were carried out under harmonic loading form with stress ratio σmax/σmin =0.1 at room 
temperature. During the low-cycle fatigue tests of smooth specimens the accumulation of cyclic plastic strains were 
measured. Plastic strain range Δε were measured at the mean stress level of cycles of loading. Figure 4 represent the 
behavior of accumulated cyclic plastic strains as a function of number of cycles of loading for wide range of applied 
stresses. As a result trends of low-cycle behavior of accumulated plastic strains for blades material with fixed 
operating time were obtained. 
 
 
Fig. 4. The low-cycle behavior of accumulated plastic strains. 
 
The third step is fatigue tests of SEN specimens with nominal diameter d0=10 mm and initial depths h0=0.5mm 
and h0=1.0mm for different surface state. In order to determine the fatigue life characteristics of blade material with 
protective coatings the HVAF was sprayed on the part of round specimens with 10 mm diameter and 100 mm length 
using HVA-7 system. The material of coating is Cr3C2/NiCr. The thickness of coating on all specimens is equal 
0.25-0.3 mm. S-N curves of smooth and SEN specimens with different surface state are presented on Fig.5. 
Experimental results of all cyclic tests were approximated by standard low-cycle fatigue equation (1). 
KNB  V        (1) 
Experimental constants of Eq.1 B and k for all fatigue tests under harmonic loading are listed in table 2. 
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Fig. 5. S-N curves of smooth and SEN specimens with different surface state. 
 
Table 2. Experimental constants of low-cycle fatigue equation of turbine blades material. 
Type of specimens 
Specimens with initial surface state Specimens with HVAF coating 
B k B k 
Smooth specimen 
(236607 hours) 
1600.6 -0.096 - - 
Smooth specimen 
(92245 hours) 
5310,1 -0,2059 4643,7 -0,1975 
SEN specimen  
h=0.5 mm 
53153 -0.421 12450 -0.291 
SEN specimen  
h=1.0 mm 
8314 -0.283 5141.2 -0.244 
3.3. Crack growth rate study 
The third part of experimental tests is concerned with surface crack growth characteristics determination. 
FengPeng Yang, ZhenBang Kuang, and Shlyannikov (2006) used the round bar specimens with the straight-fronted 
edge notch. In this study SEN specimens with initial depths h0=0.5 and h0=1.0 mm were used. The geometric 
parameters of specimen test section and growing crack are shown in Fig. 6. In this figure, b is the current crack 
depth, with the crack front approximated by an elliptical curve with major axis 2c and minor axis 2b. The depth of 
the initial straight edge notch is denoted by h and the initial notch length by L. Crack growth rate was studied for 
both specimens with initial surface state and specimens with HVAF coating. All specimens were tested under 
uniaxial loading with the same stress ratio R=0.1. The tests were carried out in load control under sinusoidal loading 
form. 
 
   
a)                                                   b) 
Fig. 6. Edge crack geometric parameters. 
 
The crack length a on the free surface of specimen was monitored by using the optical instrumental zoom 
microscope. The crack opening displacements were measured on the free surface of cylindrical specimen by using 
COD gauge, in the central plane of symmetry as shown in Fig. 6b. Thus, the crack growth rate of the semi-elliptical-
fronted edge cracks during the fatigue tests was determined using COD measurements and experimental data 
obtained by using optical microscope. In Fig.7a the experimental relations between crack opening displacements and 
crack length on free surface are presented. 
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Fig. 7. Crack growth rate in round bar specimens. 
 
Crack propagation in the round bar specimens with SEN occurs in two directions as shown in Fig.6. The fatigue 
fracture diagrams obtained for experimental data of crack growth rate on free surface of specimens are presented on 
Fig. 7b. It should be noted that the measurements of crack length a by microscope on free surface of specimens with 
HVAF coating are impossible. For these specimens crack length a was obtained on the base of experimental 
relations represented on Fig. 7a. The typical experimental fatigue fracture diagrams for specimens with initial 
surface and specimens with HVAF coating with initial notch depth h0=1.0 mm are shown in Fig.8.  
Panasiuk and Yarema (1996) have proposed for describing of the fatigue fracture diagrams the following 
equation: 
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where the exponent m is material constant, K* is a stress intensity factor at the crack growth rate (da/dN)* =10-7 
[m/cycle]. The experimental constants of equation 2 are listed in table 3. 
 
Table 3. Experimental constants.  
Surface 
state 
Point at the 
crack front 
h0 = 0.5 mm h0 = 1.0 mm 
С m K
* 
[MPam] С m 
K* 
[MPam] 
Initial state 
А free 
surface 5.745·10
-7 1.7143 20.281 2.3089·10-11 2.4932 45.910 
В deepest 
point 3.845·10
-9 2.8079 37.358 3.8127·10-10 3.3101 43.357 
HVAF 
coating 
А free 
surface 3.917·10
-9 2.9818 30. 060 1.9052·10-9 3. 0409 35. 060 
В deepest 
point 2.2087·10
-11 3.9942 46.385 1.1948·10-11 4. 0048 53.532 
 
Thus, in this paper full range of fatigue and fracture resistance characteristics of the turbine blades material was 
obtained with take into account the operating time and the accumulated damages. Numerical and experimental 
results provide the opportunity to predict the residual fatigue life of the power steam turbine blades. 
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